ABSTRACT
Introduction
In the Dislocation Dynamics (DD) methodology, plastic deformation is determined as a consequence of the motion and interaction of large collections of dislocations. As such, dislocation motion inside the solid is dictated by mutual interaction via long-range forces, as well as the externally applied stress. While the long-range interactions between dislocations may proceed at relatively long time scales, dictated essentially by the applied strain rate, short-range reactions are inevitably fast due to inherently large elastic interaction forces at close separations.
It has been shown by both experiments [1, 2] and computer simulations [3, 4] that short-range reactions play a pivotal role in the formation of organized deformation patterns. The walls of dislocation cells and persistent slip bands contain dislocation dipoles, which are surprisingly stable. Recently, one mechanism for the formation of dislocation dipoles has been theoretically proposed [5] . Stable dislocation dipoles have also been experimentally observed during plastic deformation of BCC Ta [6] and V [7] crystals. Dipoles can further react with other dislocations to form more complex dislocation structures. The conditions for the dynamic formation of dislocation dipoles are thus extremely important for understanding localized plastic deformation.
So far, the majority of DD models [8] [9] [10] [11] [12] [13] treat the dynamics of short-range reactions in a phenomenological fashion. The models vary in their details of treating long range interactions, but generally they do not go beyond phenomenological rules when it comes to short-range reactions. These rules are indirectly inferred from experimental studies. The critical distance between two dislocations of opposite Burgers vectors below which they annihilate each other is difficult to determine. However, in copper for example, this distance is taken to be ten times the magnitude of the Burgers vector, because no dislocations separated at smaller distances have been observed under the electron microscope [12] .
The dynamics of short-range reactions can be rigorously studied only when various modes of energy dissipation or exchange are taken into account. Because the elastic interaction force during short-range encounters is expected to be very large, energy dissipation or exchange mechanisms for dislocations moving close to the sound speed must be accounted for.
In this paper, we solve the equations of motion of two dislocations interacting at close range. For this purpose, we include two features which are not considered in DD simulations so far. These are: (1) the elastic interaction between the two dislocations is based on the stress fields of moving dislocations. Significant spatial distortion of the static elastic field occurs when dislocations move near their terminal sound velocity; (2) the kinetic energy of moving dislocations introduces inertial forces as a result of self-energy variations. Our studies show that these effects can be very significant.
In Section 2, we develop the governing equation of motion for relative motion of two dislocations. Using the stability theory, we define the critical separatrices separating stable dislocation reactions and bypass; the critical separatrices are defined by the initial conditions of the dislocations. We discuss applicability of the results in Section 3.
Formulation and Numerical Calculations
We first formulate the equation of relative motion for two infinitely-long dislocations gliding on parallel slip planes; the two dislocations have parallel line vectors and mixed characters. As an application, we solve the equation with physical parameters for a body-centered-cubic (BCC) crystal, Ta.
Equation of Motion
Since this study focuses on two idea dislocations that are infinite long and parallel, we need to develop an equation of two dimensional motion. The coordinate system for the two dimensional motion is shown in Figure 1 . To investigate their relative motion, we choose the origin of the coordinate system to move with one dislocation; this dislocation is effectively rest in our coordinate system. The two dislocations are assumed to have the same magnitude of Burgers vector, but they may have different characters. The angles between the Burgers vector and line vector of the two dislocations are α and β for the moving and rest dislocations, respectively. At any moment, the net force per unit length ( r F ) acting on the moving dislocation can be written as:
where r v is the dislocation velocity, the four terms on the right hand side correspond to a drag force which opposes motion, an elastic interaction force, an external force, and the Peierls barrier force. The dislocation mobility, M, is a taken to be a temperature dependent constant.
In an adiabatic motion of the dislocation, the first law of thermodynamics dictates that the change in its self-energy (W self ) is equal to the work done within a short distance ( d r r ). Thus [14] :
where dW self is the change in self-energy of the dislocation. The energy change rate is therefore given as:
where the self-energy consists of the strain and kinetic components, and t is time. For a dislocation moving along a straight line on a slip plane, the self energy is an explicit function of the glide velocity [15] , and equation (3) can be re-written as:
where v is the dislocation speed, W screw and W edge are the self energies of screw and edge components of the dislocation, respectively. These are given as [15] [16] [17] :
where
and C t = µ ρ is the transverse speed of sound, C l = 2µ + λ ρ is the longitudinal speed of
is an energy factor, b is the magnitude of the Burgers vector, µ and λ are Lame's constants, ρ is the mass density of the solid, R a is a cutoff distance of elastic energy (usually taken as the crystal or microstructure dimension), and r 0 is the core radius of the moving dislocation.
Upon differentiation of equations (5) and (6) with respect to v, we obtain: 
The ratio of the inertial force and dislocation acceleration can be interpreted as the effective mass. It is noted here that in the low velocity limit, equations (8) and (9) reduce to those for the effective mass of screw and edge dislocations, respectively, as introduced by Frank [16] and Weertman [17] . However, we do not use the effective mass formulation here and replace it with a more general energy approach, as given by equations (1), (4), (8) , and (9) above.
Starting with the stress field of a moving dislocation given in reference [15] , the elastic interaction force along the glide direction (i.e., x direction in Figure 1 ) is shown to be:
Using equations (1)- (10) and introducing the dimensionless variables
, and R l = r l b , the equation of motion (equation 4) can now be given in the following explicit form:
and
It is noted that the dimensionless equation of dislocation motion, equation (11), is highly non-linear in the velocity. Solutions of this equation will be considered for shortrange reactions where the pair elastic interaction of the two dislocations dominates. Any measurable effects due to the Peierls barrier are assumed to be included in the external force. The influence of the effective external force on the stability of the short-range reaction will also be studied in the following section.
Numerical Results for BCC Crystals
As an application of this work, we study short-range reactions in a BCC crystal, Ta. For a BCC crystal, the angles α and β are related, since a Burgers vector can only be 
The dislocation mobility has been measured to be 4. 
Stable Dislocation Structures
To find stable dislocation structures, we first calculate constant force contours for two parallel dislocations at zero velocity; the results are shown in Figure (2a . To form such a stable cluster, the two dislocations must be close to be edge in character. A special case is the formation of a tilt wall embryo when the two dislocations are pure edge in character.
The elastic stress field for two anti-parallel dislocations are opposite in sign to that for two parallel ones. As shown in Figure ( . If the two dislocations are close to be screw in character, they can form a stable cluster only with one on top of the other. This configuration is similar to that of the tilt wall embryo. However, the two dislocations which are close to the screw character may rotate themselves to facilitate cross-slip. Because of the high probability of cross-slip for screw dislocations in BCC crystals, this stable configuration will not be given further consideration.
As a dislocation moves at a high speed, its elastic stress field deforms with respect to a stationary observer. The elastic interaction force field of the two dislocations also deforms. This effect is shown in Figure ( 
Typical Trajectories for the Moving Dislocation
For the special case of two anti-parallel edge dislocations, we study the trajectories [8] [9] [10] [11] [12] [13] must be modified to account for the effects of detailed dynamics on the final stability.
As shown in Figure (4b The trajectory corresponding to the critical velocity is a separatrix. It is therefore desirable to determine all such separatrices in order to predict the final configuration of two reacting dislocations according to their initial conditions. In the following subsections, we define the critical separatrices and present numerical results for short-range reactions involving two parallel or anti-parallel dislocations.
Formation of Tilt Wall Embryos
For simplicity of presentation, we use two pure edge dislocations for description of the critical separatrices. As indicated by the elastic interaction force, the solid line in Figure 5 , a tilt wall embryo can be formed at θ=90 o . To form such a tilt wall embryo, the moving dislocation must be able to approach the stable configuration and be trapped there.
Therefore, the following conditions must be satisfied:
(1) The moving dislocation must not cross the zero force configuration at θ=45 o if it moves towards the right, i.e., V 0 at θ=45 o . Otherwise, the dislocation will cross θ=45 o and it will be further pushed away from the rest dislocation by the repulsive force at with an initial condition that is within the stable domain, a tilt wall embryo will result regardless of how the two dislocations approach each other.
Formation of Dislocation Dipoles
Similar to the analysis of tilt wall embryo formation, we describe dipole formation using two anti-parallel pure edge dislocations. The elastic interaction force of two dislocations as a function of their relative position is shown in Figure (5) as a dotted line.
There are two stable configurations for the dipole, in contrast to one stable configuration for the tilt wall embryos. Due to the symmetry, we will only discuss the critical separatrices for dipole configurations at θ=45 In order to form a dipole at θ=45 o , the moving dislocation must be able to approach this stable configuration and be trapped there. Therefore, the following conditions must be satisfied:
(1) The moving dislocation must come to rest before reaching the cut-off circle (indicated by θ R in Figure 5 ), if it moves towards the right, i.e., V 0 at θ=θ R . Otherwise, the moving dislocation is taken as having bypassed the rest one and will be treated by the DD simulations. 
Sensitivity Analyses
So far, this section has been devoted to the analysis of two edge dislocations with a constant dislocation mobility, a zero external force and a constant separation of slip planes. The effects of these four factors are investigated by varying them in equation (11).
As the two dislocations become mixed in character, the fraction of stable domains may change. Taking the angle α to be 45 o , we calculate the critical separatrices and plot them in Figures (7a) and (7b) for two parallel and anti-parallel dislocations, respectively.
The only difference between Figures (6) and (7) is the angle α. For two parallel dislocations, it is easy to see that a much smaller fraction of the phase space is stable when the angle α is away from 90 o . In other words, two parallel edge dislocations are much more likely to form a tilt wall embryo than two parallel dislocations of mixed character.
The fraction of stable domains for two anti-parallel dislocations is not strongly dependent on the angle α. However, the partition of the stable domain is much finer when α is away from 90 o . As a result, an even smaller perturbation in either velocity, position, or both will change the final stable configuration from θ=45 o to θ=135 o or vice versa. This work shows that stable dipoles and tilt wall embryos still form if dislocations are of a mixed character, although under much more restrictive conditions. This finding expands the well-known concept of dipole and tilt wall formation for only edge character dislocations.
To investigate effects of dislocation mobility on the stability analyses, we repeat the calculations for Figure (6 ) with a mobility that is ten times smaller. The critical separatrices for two parallel and anti-parallel edge dislocations are shown in Figures (8a) and (8b), respectively. Comparing Figures (6) and (8), we note that: (1) the fraction of the stable domain is much larger with a lower mobility, for both parallel and anti-parallel dislocations; and (2) the partition of the stable domain for two anti-parallel dislocations is much coarser. These effects are attributed to the more efficient energy dissipation with a lower mobility.
A non-zero external force can enhance or reduce the formation of a stable dislocation cluster. Qualitatively, increasing the separation H is similar to decreasing the mobility, since both give rise to a smaller net force on the moving dislocation. Therefore, we demonstrate the effects of the external force and the separation H on the stability analysis by studying a critical condition when no stable configuration exists. As shown in 
Conclusions and Discussions
Inertial effects on dislocation interactions are accounted for by balancing the elastic self energy change of the moving dislocation with the work done on it. It is worth mentioning that this treatment is general and applies to both high and low velocities. In the low velocity limit, the treatment is identical to that given in references [16, 17] . This study aims at illustrating the necessity of investigating short range interactions in details. Therefore, several assumptions have been made without rigorous justifications, and these will be discussed here. First, the character of the two dislocations are assumed to be fixed during the short-range reaction. A dislocation can rotate during its motion depending on the net force on it; therefore, the two dislocations will not always stay parallel. The second severe assumption is that the two dislocations always glide on parallel slip planes. Cross-slip of pure screw dislocations is therefore excluded in the model. Even if the dislocations are edge or mixed type in character, they can climb under their high mutual stress, which is possible during the short-range reactions. Third, the mobility of dislocations should depend on the dislocation character, which is not considered in this work. Finally, the velocity dependence of elastic stress field is assumed to propagate at infinite speed. We will generalize the present work to alleviate these restrictions in future studies. The five contours are for the reduced elastic force (F el /ε) equal to -10 -2
(" "), -10 -3 (" "), 0 (" "), 10 -3 (" "), and 10 -2
(" "), respectively. 
